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ABSTRACT
Context. Massive stars severely influence their environment by their strong ionizing radiation and by the momentum and kinetic
energy input provided by their stellar winds and supernovae. Quantitative analyses of massive stars are required to understand how
their feedback creates and shapes large scale structures of the interstellar medium. The giant H ii region N 206 in the Large Magellanic
Cloud contains an OB association that powers a superbubble filled with hot X-ray emitting gas, serving as an ideal laboratory in this
context.
Aims. We aim to estimate stellar and wind parameters of all OB stars in N 206 by means of quantitative spectroscopic analyses. In this
first paper, we focus on the nine Of-type stars located in this region. We determine their ionizing flux and wind mechanical energy.
The analysis of nitrogen abundances in our sample probes rotational mixing.
Methods. We obtained optical spectra with the multi-object spectrograph FLAMES at the ESO-VLT. When possible, the optical
spectroscopy was complemented by UV spectra from the HST, IUE, and FUSE archives. Detailed spectral classifications are pre-
sented for our sample Of-type stars. For the quantitative spectroscopic analysis we used the Potsdam Wolf-Rayet (PoWR) model
atmosphere code. We determined the physical parameters and nitrogen abundances of our sample stars by fitting synthetic spectra to
the observations.
Results. The stellar and wind parameters of nine Of-type stars, which are largely derived from spectral analysis are used to construct
wind momentum− luminosity relationship. We find that our sample follows a relation close to the theoretical prediction, assuming
clumped winds. The most massive star in the N 206 association is an Of supergiant that has a very high mass-loss rate. Two objects
in our sample reveal composite spectra, showing that the Of primaries have companions of late O subtype. All stars in our sample
have an evolutionary age of less than 4 million years, with the O2-type star being the youngest. All these stars show a systematic dis-
crepancy between evolutionary and spectroscopic masses. All stars in our sample are nitrogen enriched. Nitrogen enrichment shows
a clear correlation with increasing projected rotational velocities.
Conclusions. The mechanical energy input from the Of stars alone is comparable to the energy stored in the N 206 superbubble as
measured from the observed X-ray and Hα emission.
Key words. Stars: massive – Magellanic Clouds – Stars: early-type – Stars: atmospheres – Stars: winds, outflows – Stars: mass-loss
1. Introduction
Superbubbles filled by hot, ∼ 1 MK, gas are the large scale struc-
tures with characteristic size ∼ 100 pc in the interstellar medium
(ISM) (Mac Low & McCray 1988). Superbubbles provide direct
evidence for the energy feedback from massive star clusters or
OB associations to the ISM. With a distance modulus of only
DM = 18.5 mag (Madore & Freedman 1998; Pietrzyn´ski et al.
2013), the Large Magellanic Cloud (LMC) provides a good plat-
form for detailed spectroscopy of massive stars in superbubbles.
Additionally, its face-on aspect and low interstellar extinction
make it an excellent laboratory to study feedback. With an ob-
served metallicity of approximately [Fe/H] =−0.31±0.04 or 0.5
Z (Rolleston et al. 2002), the LMC exhibits a very different his-
tory of star formation compared to the Milky Way. Several mas-
sive star-forming regions in the LMC, especially 30 Doradus and
the associated stellar populations have been extensively studied
by many authors (e.g., Evans et al. 2011; Ramı´rez-Agudelo et al.
2017). In this paper we present the study of the Of-type stars in
the massive star-forming region N 206.
N 206 (alias LHA 120-N 206 or DEM L 221) is a giant H ii
region in the south-east of the LMC that is energized by the
young cluster NGC 2018 (see Fig. 1) and two OB associations,
LH 66 and LH 69. Imaging studies with HST, Spitzer, and WISE
in the optical and infrared (IR) have already unveiled the spatial
structure of the NGC 2018/N 206 region (Gorjian et al. 2004;
Romita et al. 2010). This complex contains a superbubble ob-
served as a source of diffuse X-rays, and a supernova remnant.
The current star formation in N 206 is taking place at the rim
of the X-ray superbubble (Gruendl & Chu 2009). The X-ray
emission in N 206 region has been studied by Kavanagh et al.
(2012) using observations obtained by the XMM-Newton X-ray
telescope. However, the study of feedback was constrained by
the lack of detailed knowledge on its massive star population.
To obtain a census of young massive stars in N 206 complex
and study their feedback we conducted a spectroscopic survey of
all blue stars with mV < 16 mag with the FLAMES multi-object
spectrograph at ESO’s Very Large Telescope (VLT). Our total
sample comprises 164 OB-type stars. The inspection and classi-
fication of the spectra revealed that nine objects belong to the Of
1
ar
X
iv
:1
70
8.
05
08
8v
2 
 [a
str
o-
ph
.SR
]  
4 S
ep
 20
17
Varsha Ramachandran et al.: Stellar population of the superbubble N 206 in the LMC
subclass (Walborn et al. 2002) and comprise the hottest stars in
our whole sample. The present paper focuses on the spectral ana-
lysis of these Of-type stars, while the subsequent paper (Paper II)
will cover the detailed analyses of the entire OB star population,
along with a detailed investigation of the energy feedback in this
region.
The spectroscopic observations and spectral classifications
are presented in Sect. 2. Section 3 describes the quantitative ana-
lyses of these stellar spectra using Potsdam Wolf-Rayet (PoWR)
atmosphere models. Section 4 presents the results and discus-
sions. The final Sect. 5 provides a summary and general conclu-
sions. The appendices encompass comments on the individual
objects (Appendix A) and the spectral fits of the analyzed Of
stars (Appendix B).
2. Spectroscopy
We observed the complete massive star population associated
with the N 206 superbubble on 2015 December 19-20 with VLT-
FLAMES. In the Medusa-fiber mode, FLAMES (Pasquini et al.
2002) can simultaneously record the spectra of up to 132 tar-
gets. Each fiber has an aperture of 1.2′′ radius. The nine Of
stars are a subsample of this larger survey. The observation was
carried out using three of the standard settings of the Giraffe
spectrograph LR02 (resolving power R= 6000, 3960–4567 Å),
LR03 (R= 7500, 4501–5071 Å), and HR15N (R= 19200, 6442–
6817 Å), respectively. We took three to six exposures (30 min-
utes each) for each pointing in three spectrograph setting to im-
prove the S/N. The higher resolution at Hα is utilized to deter-
mine stellar wind parameters and to distinguish nebular emission
from the stellar lines.
The ESO Common Pipeline Library1 FLAMES reduction
routines were executed for the standard processing stages such
as bias subtraction, flat fielding, and wavelength calibration. We
used the ESO data file organizer GASGANO2 for organizing and
inspecting the VLT data and to execute the data reduction tasks.
The obtained spectra are not flux calibrated. Multi-exposures
were normalized and median combined to get the final spectra
without cosmic rays in each settings. The spectra were rectified
by fitting the stellar continuum with a piece-wise linear func-
tion. Finally, for each star, the LR02 and LR03 spectra were
merged to form the medium resolution blue spectra from 3960
to 5071 Å. The sky background was negligibly small compared
to the stellar spectra. The spectral data reduction was carried out
without nebular background subtraction. Therefore, stars with a
bright background might show nebular emission lines such as
Hα, [O iii], [N ii] and [S ii] superimposed on the stellar spectra.
We obtained a total of 234 spectra with good signal-to-noise
(S/N> 50). The whole sample encompasses the spectra of 164
OB stars. Additional fibers were placed on the H ii region, X-ray
bubble, and supernova remnant. We assigned a naming conven-
tion for all the objects with N206-FS (N 206 FLAMES Survey)
and a number corresponding to ascending order of their right-
ascension (1–234). Paper II (Ramachandran et al. in prep.) will
publish the catalog in detail. We identified and analyzed nine Of-
type stars among this sample. Their positions are marked on the
color composite image of N 206 in Fig. 1.
Ultraviolet (UV) spectra are available for three Of stars
in our sample, and we retrieved these from the Mikulski
1 http://www.eso.org/observing/cpl
2 VLT-PRO-ESO-19000-1930/1.0/27-Sep-99 VLT Data Flow
System, Gasgano DFS File Organizer Design Document
Archive for Space Telescopes (MAST3). For N206-FS 187, a
HST/Space Telescope Imaging Spectrograph (STIS) spectrum
(ID: O63521010) exists. This was taken with the E140M grating
(aperture 0.2′′ × 0.2′′), covering the wavelength interval 1150–
1700 Å, with an effective resolving power of R= 46000. An
International Ultraviolet Explorer (IUE) short-wavelength spec-
trum taken in high dispersion mode is available for N206-FS 180
(ID: SWP14022). This spectrum was taken with a large aperture
(21′′ × 9′′) in the wavelength range 1150–2000 Å. A far-UV Far
Ultraviolet Spectroscopic Explorer (FUSE) spectrum is available
for N206-FS 214 (ID: d0980601) in the wavelength range 905–
1187 Å, taken with a medium aperture (4′′ × 20′′).
In addition to the spectra, we used various photometric data
from the VizieR archive to construct the spectral energy distri-
bution (SED). Ultraviolet and optical (U, B,V, and I) photometry
were taken from Zaritsky et al. (2004). The infrared magnitudes
(JHKs and Spitzer-IRAC) of the sources are based on the cata-
log by Bonanos et al. (2009).
Spectral classification
The spectral classification of the stars is primarily based on the
spectral lines in the range 3960–5071 Å. We mainly followed the
classification schemes proposed in Sota et al. (2011), Sota et al.
(2014), and Walborn et al. (2014).
The main criterion for spectral classification is the He i/He ii
ionization equilibrium. The diagnostic lines used for this pur-
pose are He i lines at 4471 Å, 4713 Å, and 4387 Å compared
to the He ii lines at 4200 Å and 4541 Å. However, this criterion
leaves uncertainties in the subtype of the earliest O stars because
of their weak or negligible He i lines.
Moreover, the strength and morphology of the optical nitro-
gen lines N iii λλ4634–4640–4642 (hereafter N iii), N iv λ4058
(hereafter N iv) and N v λλ4604–4620 (hereafter N v) are the
fundamental classification criteria of the different Of spec-
tral subtypes (Walborn 1971). As suggested by Walborn et al.
(2002), we used the N iv λ4058/N iii λ4640 (here after N iv/N iii)
and N iv λ4058/N v λ4620 (hereafter N iv/N v) emission line ra-
tio as the primary criterion for the Of subtypes, instead of
He i/He ii. The luminosity-class criteria of early O stars are
mainly based on the strength of He ii 4686 and N iii lines.
The spectral type and coordinates of the nine Of-type stars
are given in Table 1, together with their most prominent aliases.
The corresponding normalized spectra are shown in Fig. 3. In the
following, we comment on the individual Of stars.
Our sample contains one star of very early spectral sub-
type O2 (N206-FS 180), which was classified as an O5 V
by Kavanagh et al. (2012). It is located in the bright cluster
NGC 2018. The characteristic features of the O2 class in the
blue spectra are strong N v absorption lines and the N iv emission
significantly stronger than the N iii emission. This subtype was
introduced by Walborn et al. (2002), also discussed in Rivero
Gonza´lez et al. (2012a) and Walborn et al. (2014). The pres-
ence of strong He ii 4686 absorption shows that N206-FS 180
is a young main sequence star. According to the definition by
Walborn et al. (2002), the primary characteristic of the spectral
type O2 V((f*)) in comparison to O3 V((f*)) is weak or absent
N iii emission. The spectrum of N206-FS 180 clearly complies
with this. The presence of He i absorption lines in this very early
O2 spectrum indicates a secondary component (see Sect. 3.2.2).
3 http://archive.stsci.edu/
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Fig. 1. Location of the Of-type stars in the N 206 H ii region. Three color composite image (Hα (red) + [O iii] (green) + [S ii] (blue))
shown in the background is from the Magellanic Cloud Emission-Line Survey (MCELS; Smith et al. 2005). The Of stars studied
here are marked with the N206-FS number corresponding to Table 1. The dotted circle (blue) shows the rough locus of young cluster
NGC 2018. The superbubble is located north-west and the SNR is at north-east of NGC 2018.
Two Of-type supergiants are present in the sample, N206-
FS 187 and 214. N206-FS 187 was identified as binary/ multiple
system (Of + emission line star) in Hutchings (1980). Hutchings
(1982) denoted this object as an emission line star. Kavanagh
et al. (2012) classified this star as an O4-5 giant. We reclassified
this spectrum as O4 If (see Table 3 and Section 3.1.3 of Sota
et al. (2011) for more details of this classification scheme). This
star is situated in the crowded region of the young cluster NGC
2018. We took the spectrum of N206-FS 186 (O8.5 (V)e), that
is ≈ 2.5′′ away from N206-FS 187. This emission line (late Oe
type) star could have been wrongly identified as a companion in
previous papers (see their Hα lines in Fig. 2). Given the spacial
proximity of the two stars, they were erroneously considered as
a single source in several past studies.
In both supergiants N206-FS 187 and 214, the N iv emission
is much weaker than the N iii emission, and the N v absorption
is negligible, which indicates an O4 spectral type. Also, the He i
absorption lines are almost absent or negligible in the spectra.
The significant He ii 4686 emission confirms its supergiant na-
ture. In addition to this, narrow Si iv λ4089–4116 emission fea-
tures are also present in both spectra.
Compared to this, N206-FS 131 has no or very weak
He ii 4686 absorption and is therefore classified as bright giant
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Fig. 2. Comparison of Hα lines of N206-FS 187 (O4 If) and
neighboring star N206-FS 186 (O8.5 (V)e).
(luminosity class II). The spectrum of this star shows a strong
N iii emission line, but with no N v and Si iv emission lines,
implying this star is cooler than previous stars (O6.5). This
star is also suspected as a binary from the strength of the He i
lines. Another giant with strong N iii emission is N206-FS 178
but with comparatively strong He ii 4686 absorption (luminosity
class III).
We discovered two stars that exhibit special characteristics
typical for the Vz class, namely, N206-FS 193 and N206-FS 111.
According to Walborn (2006), these objects may be near or on
the zero-age main sequence (ZAMS). As described in Walborn
3
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Table 1. Spectral type and coordinates of the nine Of-type stars in the N 206 superbubble
N206-FS(2) RA (J2000) DEC (J2000) Alias names(1) Spectral type
# (h:m:s) (◦: ′: ′′)
66 5:29:52.750 −71:08:44.70 2MASS J05295273-7108446, O8 IV((f))
[MLD95] LMC 1-263
111 5:30:24.680 −71:03:44.50 2MASS J05302469-7103445, O7 V((f))z
[MLD95] LMC 1-584
131 5:30:39.870 −71:01:29.30 HDE 269656, O6.5 II(f) + O8-9
Sk −71 39
162 5:30:57.560 −71:03:33.70 BI 189, [L63] 275, O8 IV((f))e
[MLD95] LMC 1-598
178 5:31:10.670 −71:01:43.30 2MASS J05311070-7101433, O7.5 III((f))
[MLD95] LMC 1-716
180 5:31:11.780 −71:04:10.10 2MASS J05311185-7104101, O2 V((f*)) + O8-9
[MLD95] LMC 1-550
187 5:31:15.650 −71:04:10.00 HDE 269676, O4 If
Sk −71 45
193 5:31:21.470 −71:04:05.80 2MASS J05312153-7104057, O7 V((f))z
[MLD95] LMC 1-556
214 5:31:49.510 −71:03:38.0 Sk −71 46, O4 If
2MASS J05314960-7103381
Notes. (1) Taken from http://simbad.u-strasbg.fr/simbad/ (2) The number refers to the whole catalog of objects in the N 206 superbubble
(Ramachandran et al. in prep.) based out of FLAMES survey (N206-FS). This contains 234 fiber positions in ascending order of their RA (N206-FS
1–234).
et al. (2014), the main characteristic of the Vz class is the promi-
nent He ii 4686 absorption feature that is stronger than any other
He line in the blue-violet region. Strong absorption in He ii 4686
corresponds to lower luminosity and a very young age (i.e., the
inverse Of effect). These spectral features can be easily contam-
inated with strong nebular contribution, however.
Another interesting spectrum in the sample belongs to an Oef
star, N206-FS 162. The Hα line is in broad emission while other
Balmer lines are partially filled with disk emission, which is a
feature of a classical Oe/Be star. A very small N iii emission
indicates the ‘Of nature’. The star N206-FS 66 is classified as
a subgiant. It shows weak N iii emission lines and a significant
He ii 4686 absorption line.
3. The analysis
Our immediate objective is to determine the physical parameters
of the individual stars. In order to analyze the FLAMES spectra,
we calculated synthetic spectra using the Potsdam Wolf-Rayet
(PoWR) model atmosphere code, and then fitted those to the ob-
served spectra.
3.1. The models
The PoWR code solves the radiative transfer equation for a
spherically expanding atmosphere and the statistical equilibrium
equations simultaneously, while accounting for energy conser-
vation and allowing for deviations from local thermodynamic
equilibrium (i.e., non-LTE). Stellar parameters were determined
iteratively. Since the hydrostatic and wind regimes of the atmo-
sphere are solved consistently in the PoWR model (Sander et al.
2015), this code can be used for the spectroscopic analysis of
any type of hot stars with winds, across a broad range of metal-
licities (Hainich et al. 2014, 2015; Oskinova et al. 2011; Shenar
et al. 2015). More details of the PoWR code are described in
Gra¨fener et al. (2002) and Hamann & Gra¨fener (2004).
A PoWR model is specified by its luminosity L, the stellar
temperature T∗, the surface gravity g∗, and the mass-loss rate
M˙ as main parameters. PoWR defines the “stellar temperature”
T∗ as the effective temperature referring to the stellar radius R∗
where, again by definition, the Rosseland optical depth reaches
20. In the standard definition, the “effective temperature” Teff
refers to the radius R2/3 where the Rosseland optical depth is
2/3,
L = 4piσSB R2∗ T
4
∗ = 4piσSB R
2
2/3 T
4
eff (1)
In the case of our program stars, the winds are optically thin
and the differences between T∗ and Teff are negligible. Since
model spectra are most sensitive to T∗, log g∗, M˙, and L these
parameters are varied to find the best-fit model systematically.
In the non-LTE iteration, the line opacity and emissivity pro-
files are Gaussian with a constant Doppler width 3Dop. This pa-
rameter is set to 30 km s−1 for our ‘Of’ sample. For the energy
spectra, the Doppler velocity is split into the depth-dependent
thermal velocity and a “microturbulence velocity” ξ(r). We
adopt ξ(r) = max(ξmin, 0.13(r)) for O-star models, where ξmin =
20 km s−1 (Shenar et al. 2016).
Optically thin inhomogeneities in the model iterations are
prescribed by the “clumping factor” D by which the density in
the clumps is enhanced compared to a homogeneous wind of the
same M˙ (Hamann & Koesterke 1998). In the current study, we
account for depth-dependent clumping assuming that the clump-
ing starts at the sonic point, increases outward, and reaches a
density contrast of D = 10 at a radius of RD = 10R∗. Note that
the empirical mass-loss rates when derived from Hα emission
scale with D−1/2, since this line is mainly fed via recombination.
We also varied the values of D and RD, when necessary. Higher
D values and lower RD values lead to a decrease in the mass-loss
rates derived from Hα.
The detailed form of the velocity field in the wind domain
can affect spectral features originating in the wind. In the sub-
sonic region, the velocity field is defined such that a hydrostatic
density stratification is approached (Sander et al. 2015). In the
4
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Fig. 3. Normalized spectra of the nine Of-type stars. The left panel depicts the medium resolution spectra in the blue (setting: LR02
and LR03). The high resolution spectra in the red (setting: HR15N) are shown in the right panel which includes Hα line. The central
emission in Hα and the [O iii], [N ii], and [S ii] lines are from nebular emission (neb).
supersonic region, the pre-specified wind velocity field 3(r) is
assumed to follow the so-called β -law (Castor et al. 1975)
3(r) = 3∞
(
1 − r0
r
)β
. (2)
In this work, we adopt β=0.8, which is a typical value for O-type
stars (Kudritzki et al. 1989).
The models are calculated using complex model atoms for
H, He, C, N, O, Si, Mg, S, and P. The iron group elements (e.g.,
Fe, Ni) are treated with the so-called “superlevel approach” as
described in Gra¨fener et al. (2002).
3.2. Spectral fitting
The spectral analysis is based on systematic fitting of observed
spectra with grids of stellar atmosphere models. We constructed
OB-star grids for LMC metallicity with the stellar temperature
T∗ and the surface gravity log g∗ as parameters varied in the
grid. Additional parameters such as stellar mass M and lumi-
nosity L in the grid models are chosen according to the evolu-
tionary tracks calculated by Brott et al. (2011). The other para-
meters, namely the chemical composition and terminal wind ve-
locity, are kept constant within one model grid. We also calcu-
lated some models with adjusted C, N, O, and Si abundance,
when necessary. The LMC OB star grid4 spans from T∗ = 13 kK
to 54 kK with a spacing of 1 kK, and log g∗ = 2.2 to 4.4 with a
spacing of 0.2 dex.
We proceeded as follows to derive the stellar and wind para-
meters. The main method to identify the stellar temperature is
to fit the He i/He ii line ratio. For the present Of-type sample
we also made use of N iii/ N iv/ N v line ratios. The uncertainty
in temperature determination according to the grid resolution
is ±1 kK. Since for hotter stars, the temperature determination
mainly depends on the nitrogen ionization equilibrium, and the
4 www.astro.physik.uni-potsdam.de/PoWR.html
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He i lines are very weak, the uncertainty becomes larger (±2-
3 kK). The surface gravity log g∗ was mainly determined from
the wings of the Balmer lines, which are broadened by the Stark
effect. Since the Hα line is often affected by wind emission, we
mainly used Hγ and Hδ for this purpose. The typical uncertainty
for log g∗ is ±0.2 dex. The uncertainty in log g∗ also propagates
to the temperature and gives a total uncertainty of ∼ ±2 kK.
We calculated two model grids; one with a mass-loss rate
of 10−7 M yr−1 and another with 10−8 M yr−1. The mass-loss
rate is scaled proportional to L3/4 to preserve the emission of re-
combination lines such as Hα and He ii 4686. In order to best fit
the UV P-Cygni profiles and Hα line, we also calculated mod-
els with different mass-loss rates for individual stars when nec-
essary. The primary diagnostic lines used for the mass-loss rate
determination in the UV are the resonance doublets N v λλ1238–
1242 and C iv λλ1548–1551 (HST/ IUE range). To reproduce the
N v λλ1238–1242 lines, we accounted for shock generated X-ray
emission in the model. For objects that were observed by FUSE,
we made use of P v λλ1118–1128, C iv at 1169 Å, and C iii at
1176 Å. For stars with available UV spectra (N206-FS 180, 187
and 214), the error in log M˙ is approximately 0.1 dex. For the
remaining stars, we derived the mass-loss rates solely on the
basis of Hα and He ii 4686. If Hα is in strong absorption (no
wind contamination), the mass-loss rates are based on nitrogen
emission (N iii and N iv) lines with a large uncertainty. The UV
P-Cygni profiles P v λλ1118–1128, N iv λ1718, and O v λ1371
provide diagnostics for stellar wind clumping in early-type O
stars (Bouret et al. 2003; Martins 2011; Sˇurlan et al. 2013). We
constrained the values of clumping parameters D and RD (also
clumping onset) by consistently fitting these lines in comparison
to optical lines.
The terminal velocity 3∞ defines the absorption trough of P-
Cygni profiles in the UV. In contrast to the optical, UV P Cygni
lines are rather insensitive to temperature and abundance varia-
tions if saturated (Crowther et al. 2002). For stars with UV spec-
tra, we inferred the terminal velocities from these P-Cygni pro-
files and recalculated the models accordingly. The main diagnos-
tic lines used are P-Cygni N v λλ1238–1242 and C iv λλ1548–
1551, P v λλ1118–1128, and S v λλ1122–1134 profiles. The ter-
minal velocity has been measured from the blue edge of the
absorption component. The typical uncertainty for 3∞ is ± 100
km s−1. We calculated the terminal velocities theoretically from
the escape velocity 3esc for those stars for which we only have
optical spectra. For Galactic stars, the ratio of the terminal and
escape velocity has been obtained from both theory and observa-
tions. For stars with T∗ ≥ 27 kK, the ratio is 3∞/3esc ' 2.6, and for
stars with T∗ < 27 kK the ratio is ≈1.3 (Lamers et al. 1995; Vink
et al. 2001). The terminal velocity also depends on metallicity,
3∞ ∝ (Z/Z)q, where q = 0.13 (Leitherer et al. 1992). We used
this scaling to account for the LMC metallicity.
We calculated our models with typical LMC abundances
(Trundle et al. 2007). The mass fractions of C, N, and O are
varied for individual objects when necessary to best fit their ob-
served spectra. The abundances of these elements were deter-
mined from the overall strengths of their lines with uncertainties
of ∼20–50 %. The carbon and oxygen abundance were primar-
ily based on C iii and O ii absorption lines. For the determination
of nitrogen abundance, we particularly used the N iii absorption
lines at λ4510–4525 and N v absorption lines.
Finally, the projected rotation velocity 3 sin i is constrained
from the line profile shapes. We used the iacob-broad tool
implemented in IDL, which was developed by Simo´n-Dı´az &
Herrero (2014). This tool provides 3 sin i values based on a com-
bined Fourier transform (FT) and goodness-of-fit (GOF) ana-
lysis. We used two of the methods described in Simo´n-Dı´az &
Herrero (2014). In the first method, the 3 sin i comes from the
first zero of the FT method. In this case the assumption is that
macroturbulence is negligible, i.e., the additional broadening is
by rotation.
The second fitting method is a combination of FT and GOF
analysis, where the line profile is additionally convolved with
a macroturbulent profile. The macroturbulent velocity (3mac) is
calculated from the GOF when 3 sin i is fixed to the value corre-
sponding to the first zero of the FT.
We selected He i, Si iv absorption lines and N iii and N iv
emission lines for determining 3 sin i using these methods. In
some cases, absorption lines which are not pressure broadened
(e.g., He I and metal lines) are very weak or completely ab-
sent in the spectra. In this case, we used the iacob-broad tool
on emission lines that form close to the photosphere, such as
N iv 4058 and N iii 4510–4525. To ensure that the inferred val-
ues of 3 sin i from these emission lines are reliable, we cal-
culated the synthetic spectrum via a 3D integration algorithm
that accounts for rotation and that is appropriate for nonphoto-
spheric lines (Shenar et al. 2014). These calculations resulted
in spectra which are similar to the convolved ones. Hence, the
iacob-broad tool is valid for these emission lines. For binaries,
we selected those lines which have only contribution from either
a primary or secondary. The fitted line profiles for individual
stars are given in Fig 4. The formal uncertainty in 3 sin i is ∼ 3–
8 km s−1. Corresponding to these velocities, the model spectra
are convolved with rotational and macroturbulent profiles. This
yields consistent fits with the observations.
The main diagnostic lines for stellar and wind parameters
used in our spectral fitting process are summarized in Table 2.
The luminosity and the color excess EB−V of individual ob-
jects were determined by fitting the model SED to the photome-
try. The model flux is scaled with the LMC distance modulus of
18.5 mag, which corresponds to a distance of 50 kpc (Pietrzyn´ski
et al. 2013). The uncertainty in the luminosity determination is
an error propagation from color excess (relatively small for LMC
stars), temperature, and observed photometry. All these uncer-
tainties give a final accuracy of about 0.2 in log L/L. For stars
with available flux-calibrated UV spectra (HST, IUE, or FUSE),
the model SED is iteratively fitted to this calibrated spectra and
normalized consistently by dividing the reddened model con-
tinuum. The uncertainty in luminosity is smaller in these cases
(≈0.1 dex).
Subsequently, individual models with refined stellar para-
meters and abundances are calculated for each Of-type star in
our sample. All these fitting processes were performed itera-
tively until no further improvement of the fit was possible.
3.2.1. Single star model
As an example, the fit for N206-FS 187 is given in Fig. 5. The
upper panel of the figure shows the theoretical SED fitted to
multiband photometry and calibrated UV spectra. We appropri-
ately varied the reddening and luminosity for fitting the observed
data with the model SED. Reddening includes the contribution
from the Galactic foreground (EB−V = 0.04 mag) adopting the
reddening law from Seaton (1979), and from the LMC using the
reddening law described in Howarth (1983) with RV = 3.2. The
total EB−V is a fitting parameter. Since flux calibrated HST/STIS
and IUE spectra are available for this star, reddening and lumi-
nosity are well constrained.
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N III
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ASNDK
Fig. 4. Rotation velocity (3 sin i) from the line profile fitting of Of-type stars using the iacob-broad tool. The gray curves show
the observed line profile. The 3 sin i is calculated from line profile fitting based on Fourier transform method (red dotted line) and
goodness-of-fit analysis (violet dashed line). See text for more details.
Table 2. Main diagnostics used in our spectral fitting process.
Parameter UV lines Optical lines
T∗ He i/He ii, N iii/ N iv/ N v line ratios.
log g∗ Hγ and Hδ line wings
M˙ N v 1238–1242, C iv 1548–1551 Hα, He ii 4686 emission
N iv 1718, O iv 1338–1343, He ii 1640
P v 1118–1128, C iv 1169, C iii 1176
3∞ N v 1238–1242, C iv 1548–1551 Hα line width
Si iv 1393–1403, N iv 1718
P v 1118–1128, C iv 1169, C iii 1176 blue edge
D P v 1118–1128, N iv 1718, O v 1371 Hα
3 sin i N iii 4640–4642, N iv 4058
Si iv 4089–4116, He i 4388
Abundances C iii 4647–4650–4651, Si iv 4089–4116
O ii 4649, O ii 4070, N iii 4510–4525, N v 4620
The second panel shows the normalized high resolution
HST/STIS UV spectrum fitted to the model. This spectrum was
consistently normalized with the reddened model continuum.
The last three panels show the normalized VLT-FLAMES spec-
trum (normalized by eye) in comparison to the PoWR spectrum.
This star is best fitted with a model of T∗ = 38 kK, based
on the N iii / N iv line ratio. The Balmer absorption lines in the
observation are weaker compared to the model, because they are
partially filled with nebular emission. The broad emission in Hα
and He ii 4686 is formed in the stellar wind, which provides a
constraint to the mass-loss rate.
The wind parameters of this star are better estimated by fit-
ting the strong P-Cygni N v and C iv profiles. The N v λλ1238–
1242 line is better reproduced by incorporating the X-ray field
in the model, with X-ray luminosity LX = 4.7 × 1033 erg s−1.
The X-ray field influences the ionization structure and especially
strengthen this N v line (Cassinelli & Olson 1979; Baum et al.
1992). Moreover, this star is detected as a X-ray point source in
XMM-Newton observation of Kavanagh et al. (2012). Its strong
X-ray luminosity might be due to binarity (see Sect. 4.3), but
we do not see any sign of secondary component in the spectra.
Therefore, the star is here fitted as a single star.
The left panel of Fig. 6 shows the C iv λλ1548–1551 reso-
nance doublet. We measured 3∞ from its blue edge as 2300 ± 50
km s−1. Since this line is saturated, it is not sensitive to clumping.
But the N iv λ1718 line shown in the right panel is unsaturated,
and found to be weaker in the observed spectrum than in the
model. This could be an indication of strongly clumped wind.
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Fig. 5. Spectral fit for N206-FS 187. The upper panel shows the model SED (red) fitted to the available photometry from optical
(UBV and I) and infrared (JHKs and IRAC 3.6 & 4.5 µm) bands (blue boxes) as well as the calibrated UV spectra from HST and
IUE. The lower panels show the normalized HST and VLT-FLAMES spectra (blue solid line), overplotted with the PoWR model
(red dashed line). The parameters of this best-fit model are given in Table 3. The observed spectrum also contains nebular emission
lines (neb) and interstellar absorption lines (is).
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Fig. 6. Models with different clumping parameters are compared
to the P-Cygni profiles C iv λλ1548–1551 and N iv λ1718 of
N206-FS 187 (blue solid line). Dashed lines (red) are for the
model with M˙ = 2.6 × 10−6 M yr−1, D = 20, and RD =
0.05R∗. The dotted lines (black) show the model with M˙ =
1 × 10−5 M yr−1, D = 10, and RD = 10R∗.
Figure 6 compares two models with different clumping para-
meters as described in Sect. 3.1. In order to decrease the strength
of the N iv λ1718 P-Cygni profile in the model, clumping should
start before the sonic point and reach its maximum value D al-
ready at a very low radius. The model with a density contrast
D = 20 and the clumping starts at a radius of 0.025R∗ and
reaches the maximum value of D at RD = 0.05R∗, best repro-
duces the observation (see right panel of Fig. 6 ). Since clumping
enhances the emission of Hα, we decreased the mass-loss rate
by a factor of 4 compared to the model with the default clump-
ing. The O v λ1371 line is similarly affected by wind clumping.
However, the strong X-ray luminosity and possible binarity (see
Sect. 4.3) of this source might be related to the strength of these
lines.
3.2.2. Composite model
The spectrum of N206-FS 187 shown in Fig. 5 is satisfactorily
fitted by a single-star model. However, there are two objects in
our sample (N206-FS 180, N206-FS 131) for which the observed
spectra cannot be reproduced by a single synthetic spectrum.
The spectrum of N206-FS 180 is shown in Fig. B.7. The
weakness of the N iii lines, N iv lines in emission, and the pres-
ence of strong N v absorption lines indicate a very high stel-
lar temperature. We selected the temperature of the model so
that the synthetic spectrum reproduces the observed N iv/N v and
N iii/N iv line ratios. The best fit is achieved for T∗ = 50 kK and
log g∗ = 4.2. Since the temperature of this model is very high, it
does not predict any He i lines to show up. Hence, the small He i
absorption lines in the observed spectrum can be attributed to a
companion, which must be an O star of late subtype (later than
O6 to produce He i absorption lines, but earlier than B0 since Si,
C, O, and Mg absorption lines are absent).
The observed spectrum is fully reproduced with a composite
model (see Fig B.8). The final model spectrum is the sum of an
early-type Of star O2 V((f*)) and an O8-9 star. The light ratio of
the components is constrained by the diluted strength of absorp-
tion features which are attributed to the secondary component
(Shenar et al. 2016). These absorption features should be insen-
sitive to the remaining stellar parameters. In our case of N206-
FS 180, the He i lines at 4388Å, 4472Å, and 4922Å are available
for this purpose. Here our main assumption is that the primary
component is more luminous and hotter than the secondary. We
also ensured that the primary model perfectly reproduces the N v
and N iv lines, assuming that they have no contribution from the
secondary component (late O-type). The individual and the com-
posite SEDs are depicted in the upper panel of Fig B.8.
The luminosity and reddening derived from fitting IUE-
short spectrum and photometric data are different. The UV
spectrum fit best with a model SED of high luminosity
log L/L = 6.47, while the photometry is best fitted with a SED
having log L/L = 6.11 (primary). Both the high resolution and
low resolution IUE spectrum (flux calibrated) show deviation
from the photometry. Since the aperture of the IUE is large
(≈ 21′′ × 9′′) and the star belongs to the crowded region of the
cluster, the observed spectrum is likely to be contaminated from
nearby stars. So, we have adapted the luminosity corresponding
to photometry.
For those stars which show Hα in absorption, the mass-loss
rate and terminal velocity can be solely derived from UV spec-
tra. For N206-FS 180, the normalized IUE spectrum is shown
in the second panel of Fig. B.7. The P-Cygni O v line at 1371Å
is stronger in the model than in the observation, which usually
indicates strong wind clumping. But according to Massey et al.
(2005) if Hα is in absorption, the only wind contribution is from
layers very close to the sonic point, so absorption-type profiles
are hardly affected by clumping. Apart from this, we could not
fit the observed spectrum using a model with stronger clump-
ing prescriptions. Hence, we consider only the default clumping
with D = 10 in the model (see Sect. 3.1).
Since this star is still in the hydrogen burning phase, the in-
crease in nitrogen abundance would result in a lower oxygen
abundance (CNO balance). Models with three different oxygen
mass fractions (varied by a factor of 10) are compared to the
O v line in Fig. 7. We can only reproduce this line with a model
with 100 times lower oxygen abundance compared to the typical
LMC value. However, the total CNO abundance of this model is
inconsistent with the typical LMC values.
The nitrogen lines of N v and N iv in the optical are also
found to be affected by changing the mass-loss rate and terminal
velocity in the model. We estimate M˙ = 7×10−6 M yr−1 for the
primary from the best fit. The terminal velocity measured from
the blue edge of C iv λλ1548–1551 is 2800 km s−1. In the cases
where UV spectra are not available and Hα is in absorption, M˙
has a large uncertainty and 3∞ is theoretically determined as de-
scribed in Sect. 3.2.
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Fig. 7. The O v P-Cygni line profile of N206-FS 180 (blue solid
line). Three models with different oxygen mass fractions (see
labels) are shown for comparison.
We suspect the star N206-FS 131 also to be a binary. The
remaining Of stars are well fitted with single star models.
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Individual descriptions and spectral fits of all stars of our sample
are given in Appendix A and Appendix B, respectively.
4. Results and discussions
4.1. Stellar parameters
The fundamental parameters for the individual stars are given in
Table 3. The rate of hydrogen ionizing photons (log Q) and the
mechanical luminosity of the stellar winds (Lmec = 0.5 M˙ 32∞)
are also tabulated. All these models are calculated with default
clumping parameters as described in Sect. 3.1.
The gravities shown here are not corrected for rotation. The
effect is insignificant and much less than the uncertainty val-
ues, even for the fastest rotating star in our sample (log (g∗ +
(3 sin i)2/R∗)−log g∗ < 0.03). The reddening of our sample stars
is only 0.1 − 0.3 mag (see Table 3). The absolute visual mag-
nitudes (MV) in the table are also derived from the respective
models. The spectroscopic masses, calculated from log g∗ and
R∗ (using relation g∗ = G M∗ R−2∗ ), are in the range 30− 150 M.
For the binary candidates N206-FS 180 and N206-FS 131,
the stellar parameters for the individual components (‘a’ denotes
the primary and ‘b’ the secondary component) are given in the
table as well. Only the primaries of these binary systems are
considered in the following discussions.
Figure 8 shows how the effective temperature correlates with
the spectral subtypes of our sample. Different luminosity classes
are denoted using squares, triangles, and circles for luminosity
class V-IV, III-II, and I, respectively. The O2 subtype shows an
outstandingly high effective temperature, T∗ = 50 kK, which is
comparable to the temperatures of other O2 stars (e.g., Rivero
Gonza´lez et al. 2012a,b; Walborn et al. 2004). This supports
the results of Mokiem et al. (2007) and Rivero Gonza´lez et al.
(2012b,a), who suggest a steeper slope in the temperature - spec-
tral type relation for the earliest subtypes (O2-O3).
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Fig. 8. Effective temperature as a function of spectral type.
Squares, triangles, and circles denote the luminosity classes Vz,
V-IV, III-II and I, respectively. Typical uncertainties are indi-
cated by the error bar in the upper left corner.
4.2. Wind parameters
In addition to the stellar parameters, the spectra provide infor-
mation on the stellar winds of our sample. The primary stellar
wind parameters are wind terminal velocities (3∞) and mass-loss
rates (M˙). The mass-loss rate has great influence on the evolu-
tion of massive stars. The M˙ scales with the metallicity of stars
(Leitherer et al. 1992; Vink et al. 2001). The lower LMC metal-
licity results in less efficient wind driving in comparison to the
Galactic environment, and consequently in lower mass-loss rates
(Vink et al. 2000).
For stars with available UV spectra (N206-FS 180, N206-
FS 187, and N206-FS 214), the mass-loss rate is obtained from
P Cygni lines as explained in Sect. 3.2. For N206-FS 131, Hα is
partially filled with wind emission, and the corresponding spec-
tral fit yields M˙. The rest of the sample shows Hα in pure absorp-
tion, so the M˙ values are estimated from the nitrogen emission
lines. Since these nitrogen lines are also affected by the nitrogen
abundance, these mass-loss rates have an additional uncertainty.
The derived mass-loss rates of our Of samples are in the range
from 10−6.9 to 10−4.8 M yr−1.
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Fig. 9. Mass-loss rates vs. luminosity for the Of stars in the
N 206 superbubble in the LMC. Open circles denote alternative
values for the two supergiants obtained with stronger clump-
ing (see Sect. 3.2.1). A power law is fitted to the data points.
Symbols have the same meaning as in Fig 8. The error bars are
shown for each source.
Mass-loss rate and luminosity exhibit a clear correlation in
Fig. 9. Here the supergiants are in the upper right corner with
high luminosity and M˙. This relation can be fitted as a power-
law with an exponent ≈ 1.5 (uncertainties are considered in
the fit). The models of two supergiants with alternative clump-
ing prescriptions (see Sect.3.2.1) would yield a lower mass-
loss rate by a factor 5 (open circles). The supergiant N206-
FS 187 has a very high luminosity and mass-loss rate, even com-
pared to the Galactic stars with the same spectral type. A star
(VFTS 1021) with similar high values of L and M˙ has been found
by Bestenlehner et al. (2014).
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Table 3. Stellar parameters of nine Of-type stars in N 206 superbubble.
N206-FS T∗ log L log g∗ log M˙ EB−V MV R∗ 3∞ 3 sin i M∗(1) log Q log Lmec(4) Spectral type
# [kK] [L] [cm s−2] [M yr−1] [mag] [mag] [R] [km s−1] [km s−1] [M] [s−1] [L]
66 35.0 5.22 4.0 −6.38 0.17 -4.61 11.1 2200 67 45 48.7 2.22 O8 IV((f))
111 37.0 5.03 4.2 −6.85 0.10 -4.20 8.0 2500 43 37 48.6 1.86 O7 V((f))z
131a(2) 36.0 5.80 3.6 −5.50 0.11 -6.23 20.5 1500 96 61 49.4 2.77 O6.5 II(f)
131b(3) 30.0 5.04 3.8 −6.57 0.12 -5.00 12.3 1900 79 35 48.0 1.91 O9.7 IV
162 34.0 5.60 3.8 −6.03 0.20 -5.67 18.2 2100 83 77 49.1 2.53 O8 IV((f))e
178 35.0 5.22 4.0 −6.38 0.14 -4.55 11.1 2200 79 45 48.7 2.22 O7.5 III((f))
180a(2) 50.0 6.11 4.2 −5.32 0.16 -5.77 15.2 2800(7) 128 133 50.0 3.49 O2 V((f*))
180b(3) 32.0 4.91 4.2 −6.62 0.18 -4.50 9.3 2900 42 50 48.0 2.21 O8 IV
187(5) 38.0 6.28 3.6 −4.80 0.19 -6.70 31.9 2300(7) 116 148 50.0 3.86 O4 If
193 36.0 5.20 4.2 −6.36 0.20 -4.44 10.3 2900 103 61 48.7 2.48 O7 V((f))z
214(6) 38.0 6.10 3.6 −4.93 0.33 -6.26 26.0 2300(7) 98 98 49.8 3.71 O4 If
Notes. (1) Spectroscopic masses (2) Primary component (3) Secondary component (4) The mechanical luminosity 0.5M˙32∞ (5) When strong clumping
(D = 20 and RD = 0.05R∗) is adopted then log M˙ = −5.59 M yr−1 and log Lmec = 3.05 L. The X-ray field is included in this model, with
X-ray luminosity LX = 4.7 × 1033 erg s−1. (6) When strong clumping (D = 20 and RD = 0.05R∗) is adopted then log M˙ = −5.72 M yr−1 and
log Lmec = 2.92 L. The X-ray field is included in this model, with X-ray luminosity LX = 1.7× 1033 erg s−1. (7) 3∞ is determined from UV P-Cygni
profiles. Other values are theoretically calculated from 3esc.
Wind-momentum luminosity relationship
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Fig. 10. Modified wind momentum (Dmom) in units of
M yr−1 km s−1 R0.5 as a function of the stellar luminosity for the
analyzed LMC Of stars. The alternative values for the two super-
giants adapting strong clumping (see Sect. 3.2.1) are indicated in
open circles. The data are fitted by a power law (solid line). The
theoretical WLR from Vink et al. (2000) (dashed line) and em-
pirical WLR from Mokiem et al. (2007) for LMC stars are also
plotted. Luminosity classes are distinguished by different sym-
bols. Individual error bars are given in the plot.
To investigate the winds of Of stars in the LMC quantita-
tively, we plotted the modified wind momentum - luminosity re-
lation (WLR) in Fig. 10. This diagram depicts the modified stel-
lar wind momentum Dmom ≡ M˙3∞R0.5∗ (Kudritzki & Puls 2000),
as a function of the stellar luminosity.
For the WLR, a relation in the form
logDmom = x log(L∗/L) + logD0 (3)
is expected, where x corresponds to the inverse of the slope of
the line-strength distribution function, and D0 is related to the ef-
fective number of lines contributing to stellar wind acceleration
(Puls et al. 2000). The distribution of line strengths is impor-
tant to compare the observed wind strengths to the predictions
of line driven wind theory. A linear regression to the logarithmic
values of the modified wind momenta obtained in this work (see
Fig. 10) yields the relation
logDmom = (1.8 ± 0.12) log(L∗/L) + (−11.94 ± 0.71) (4)
Figure 10 also shows the relation for the LMC stars (x =
1.83) as predicted by Vink et al. (2000). The dotted lines rep-
resent the empirical WLR for LMC OB stars (x = 1.81) as de-
termined by Mokiem et al. (2007). Bestenlehner et al. (2014)
also found an empirical WLR for O stars in the 30 Doradus re-
gion of the LMC with x = 1.45. The Of stars in the superbubble
N 206 shows a good correlation with both empirical and theoret-
ical WLR. It should be noted that for the wind momentum calcu-
lation of some of the sources, we adopted theoretical 3∞ values
in the absence of available the UV spectrum. The uncertainties
of parameters are also estimated and included in the linear re-
gression.
The wind momenta of the supergiants would be much lower
if strong clumping is adopted (open circles). Figure 10 shows the
WLR with default clumping as described in Sect. 3.2.1 for all the
stars. This is close to the theoretical relation (x ∼1.8). The alter-
native clumping prescriptions for two supergiants (strong clump-
ing) would result a less steeper WLR relation. Mokiem et al.
(2007) also tested clumping corrections for one supergiant and
obtained a less steep relation (x ∼1.43). Note that the theoreti-
cal WLR is based on unclumped winds. In our analysis, a depth
dependent clumping was accounted for all stars.
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4.3. Outstanding X-ray luminosity of N206-FS 187 points to
its binarity
The supergiant N206-FS 187 was detected in X-rays with the
XMM-Newton telescope (Kavanagh et al. 2012). Since no X-ray
spectral information was presented by Kavanagh et al. (2012),
we adopted the X-ray flux from “The third XMM-Newton
serendipitous source catalog” (Rosen et al. 2016). Correcting
for interstellar absorption, NH = 9 × 1021 cm−2 (Kavanagh
et al. 2012), the estimated X-ray luminosity of N206-FS 187 is
LX ≈ 4 × 1034 erg s−1 in the 0.2-12.0 keV band. Hence, the ratio
between X-ray and bolometric luminosity is log LX/Lbol ≈ −5.
This is an outstandingly high X-ray luminosity for an O-type
star. Single O-type stars in the Galaxy have significantly lower
X-ray luminosities (e.g., Oskinova 2005). The high X-ray lumi-
nosity of N206-FS 187 might indicate that this object is a bi-
nary. In a massive binary, the bulk of X-ray emission might be
produced either by collision of stellar winds from binary com-
ponents, or by accretion of stellar wind if the companion is a
compact object.
Some colliding wind binaries consisting of a WR and an
O-type component have comparably high X-ray luminosities
(Portegies Zwart et al. 2002; Guerrero & Chu 2008). However
our spectral analysis of N206-FS 187 rules out a WR component.
Most likely, the binary component in N206-FS 187 is an O-type
star of similar spectral type. Even in this case, it is outstand-
ingly X-ray luminous. For example, the X-ray luminosity of the
O3.5If* + O3.5If* binary LS III+46 11 is an order of magnitude
lower than that of N206-FS 187 (Maı´z Apella´niz et al. 2015, and
references therein). Some wind-wind colliding (WWC) feature
may be present in the lines such as Hα (Moffat 1989). However,
as the WWC effects are usually of the order of a few percentage
(Hill et al. 2000), that are not expected to highly influence the
spectral features.
On the other hand, the X-ray luminosity of N206-FS 187
is not in the correct range to suspect that it harbors a compact
companion. The latter systems are either usually significantly
more X-ray luminous (in case of persistent sources), or signifi-
cantly less X-ray luminous in quiescence (in case of transients)
(Martı´nez-Nu´n˜ez et al. 2017).
Therefore, on the basis of the high X-ray luminosity of
N206-FS 187 and taking into account the uncertainties on its X-
ray spectral properties, we believe that N206-FS 187 is one of
the X-ray brightest colliding wind binaries consisting of stars
with similar spectral types. Interestingly the other Of supergiant
N206-FS 214 does not show any X-ray emission, even though it
is an eclipsing binary of similar spectral types (see Sect. A for
more details).
Note that the X-ray luminosity derived from our model using
UV spectral line fit (LX ≈ 4.7 × 1033 erg s−1) is an order of mag-
nitude less than this observed X-ray luminosity (see Sec. 3.2.1).
One reason could be the variability of X-ray emission if it is a
WWC binary. Another possibility is that the observed X-ray lu-
minosity might be overestimated from the interstellar absorption
values.
4.4. The Hertzsprung-Russell diagram
The Hertzsprung-Russell diagram (HRD) for the Of stars in the
N 206 superbubble, constructed from the temperature and lumi-
nosity estimates (see Table 3), is given in Fig. 11. The evolution-
ary tracks and isochrones are adapted from Brott et al. (2011)
and Ko¨hler et al. (2015), accounting for an initial rotational ve-
locity of ∼ 100 km s−1. The evolutionary tracks are shown for
stars with initial masses of 15− 125 M, while the isochrones
span from the zero age main sequence (ZAMS) to 5 Myr in
1 Myr intervals. Stars are represented by respective luminosity
class symbols as in Fig. 11.
The isochrones suggest that the O2((f*)) star N206-FS 180
(primary) is very young and close to the ZAMS (assuming
single-star evolution). The evolutionary mass predicted from the
tracks is ≈ 93 M for the primary component of this binary sys-
tem. The other Of stars are younger than ≈ 4 Myr and more mas-
sive than ≈ 25 M. The supergiants in our sample are nearly 2
Myr old with masses in the range 70 to 100 M.
The evolutionary masses from the HRD are compared in
Fig. 12 to the spectroscopic masses derived (see Table 3). Here,
the evolutionary mass refers to the current stellar mass as pre-
dicted by the corresponding evolutionary track. It is evident from
Fig. 12 that the spectroscopic masses of the objects are system-
atically larger than their evolutionary masses. However we have
to acknowledge that, the errors in our spectroscopic mass esti-
mates are large (at least a factor 2). The wind contamination in
the Balmer wings also affects the log g determination, and we
adopt theoretical values for 3∞ in some cases.
This mass discrepancy problem was extensively investigated
for Galactic and extragalactic star clusters by many authors
(Herrero et al. 1992; Vacca et al. 1996; Repolust et al. 2004).
This mass difference is strongly affected by the mass-loss recipe
used in the evolutionary calculations (McEvoy et al. 2015).
According to Hunter et al. (2008), the observed mass discrep-
ancy of main-sequence stars could be due to binarity, errors in
the distance estimate, bolometric corrections, reddening, or the
derived surface gravities. However, the systematic trend in the
66
111
131
162
178
180
187
193
214
T
*
/kK
304050
15 M
20 M
25 M
40 M
60 M
80 M
100 M
125 M
ZAM
S
1Myr2Myr 3Myr 4Myr 5Myr
I
III-II
IV-V
Vz
131b
180b
4.5
5.0
5.5
6.0
6.5
4.8 4.7 4.6 4.5 4.4
log (T
*
/K)
lo
g 
(L
/L
)
Fig. 11. Hertzsprung-Russell diagram for the nine Of stars in
the N 206 superbubble in the LMC. The evolutionary tracks and
isochrones are based on rotating (Vrot,init ∼ 100 km s−1) evolu-
tionary models presented in Brott et al. (2011) and Ko¨hler et al.
(2015). Different luminosity classes are denoted using rhombus,
squares, triangles, and circles for luminosity class Vz, V-IV, III-
II, and I, respectively. The position of the secondary components
of N206-FS 131 and N206-FS 180 are also marked in the dia-
gram with a cross symbol.
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Table 4. Chemical abundance for the nine Of-type stars in the
N 206 superbubble derived from spectral fitting. The abundances
are given in mass fractions.
N206-FS XN XC XO
# [10−3] [10−3] [10−3]
66 0.28 0.57 1.64
111 <0.08 0.47 2.64
131 0.72 0.23 1.04
162 0.28 0.38 1.64
178 0.7 0.18 1.64
180 2.2 0.18 0.02
187 0.72 0.23 3.04
193 0.48 0.28 2.64
214 0.72 0.23 3.04
Typical LMC(1) 0.08 0.47 2.64
values
Notes. (1) taken from Trundle et al. (2007)
discrepancy may not be due to the uncertainties in our param-
eter measurements, but could originate from the evolutionary
masses.
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Fig. 12. Evolutionary masses compared to the spectroscopic
masses. The discrepancy grows roughly linearly with the mass
(see linear fit). The one-to-one correlation of spectroscopic and
evolutionary masses is indicated by the dashed line.
4.5. Chemical abundance
The chemical abundances of our Of sample derived in terms
of mass fraction are given in Table 4. These have been obtained
by fitting the observed spectra with PoWR models calculated
for different C, N, and O mass fractions (see Table 2 for more
details). Since the nitrogen lines are formed by complex NLTE
processes, changes in the N abundance can have a large impact
on the strength of the lines (Rivero Gonza´lez et al. 2012b). The
P, Mg, Si, and S abundances are fixed for all the models. We
could not reproduce the Si iv emission lines in supergiants N206-
FS 187 and N206-FS 214 with our models.
The distribution of nitrogen abundances with effective tem-
perature is illustrated in Fig 13. We can see a direct correlation
in our sample (except N206-FS 111). In addition, all these stars
show lower abundance in either oxygen or carbon (compared to
typical LMC values) due to the CNO process. The O2 spectral
type shows a very high nitrogen abundance in comparison to the
other Of stars (but less than the total CNO mass fraction). In
turn, its oxygen abundance measured from the O v line at 1371Å
is much lower by a factor of 100 than the typical LMC values.
One of the key questions of massive star evolution is ro-
tational mixing and its impact on the nitrogen abundance.
Evolutionary models accounting for rotation (Hunter et al. 2008;
Brott et al. 2011; Rivero Gonza´lez et al. 2012b,a) predict that the
faster a star rotates, the more mixing will occur, and the larger
the nitrogen surface abundance that should be observed. Figure
14 shows a so-called “Hunter-diagram”, depicting the variation
of the nitrogen enrichment with the projected rotational velocity.
Our Of sample shows projected rotational velocities in the range
of ∼40–130 km s−1 and nitrogen abundances (log (N/H) +12)
from 8 to 9.6. This diagram shows a relative increase in nitrogen
abundance with rotation. It should be noted that the projected ro-
tational velocity and the true rotational velocity differ by a factor
sin i. However, Maeder et al. (2009) suggests that chemical en-
richment is not only a function of projected rotational velocity,
but also depends on ages, masses, and metallicities. The nitrogen
enriched stars are very massive in our case.
The following conclusions can be made from the diagram:
– The O2 dwarf N206-FS 180 shows a exceptionally high ni-
trogen abundance, and its projected rotational velocity is
highest among the sample.
– Evolved stars (giants and supergiants) are more nitrogen en-
riched than dwarfs of the same effective temperature.
– The slowest rotator in our sample (also least massive), N206-
FS 111 (3 sin i = 43 km s−1), shows very little enrichment.
Although N206-FS 111 and N206-FS 193 are ZAMS candi-
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Fig. 13. Surface nitrogen abundances as a function of the effec-
tive temperature. The downward arrow indicates an upper limit
to the nitrogen abundance of N206-FS 111.
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Fig. 14. Surface nitrogen abundances as a function of the pro-
jected rotation velocity 3 sin i. The dashed line is a linear regres-
sion to the data. The downward arrow indicates an upper limit to
the nitrogen abundance of N206-FS 111.
dates (Vz), N206-FS 193 (3 sin i = 103 km s−1) shows nitro-
gen enhancement.
– The two binary candidates (N206-FS 180a and N206-
FS 131a) are more nitrogen enriched than other stars with
similar rotational velocities.
According to Kohler et al. (2015), a strong nitrogen surface en-
hancement can be obtained even in models with initial rota-
tional velocities well below the threshold value. All our sam-
ple stars are nitrogen enriched with rotational velocities below
200 km/s. Because of the strong mass loss and large convec-
tive core masses, their evolutionary models above 100 M shows
nitrogen-enrichment irrespective of their rotation rate. The large
nitrogen enhancement in our sample star N206-FS 180 is very
similar(M≈100 M, 3 sin i≈150 km/s, age≈1Myr) to their model
predictions. Moreover, this source is a part of binary system,
which may also have influence in the enrichment.
4.6. Stellar feedback
The main contribution to the stellar feedback in the N 206 super-
bubble is expected to come from stars in our Of sample. The
number of ionizing photons and the mechanical luminosity of
the stellar winds as a function of O subtypes are shown in
Figs. 15 and 16. Both of these energy feedback mechanisms
show a correlation with spectral subtype, where the O2((f*))
star and the two supergiants dominate. The combined ioniz-
ing photon flux from the nine Of stars is approximately Q0 ≈
3 × 1050 s−1. The total mechanical feedback from these Of stars
is Lmec = 0.5M˙32∞ ≈ 1.7×104 L (≡ 6.5×1037erg s−1). We stress
that the 3∞ was adopted for majority of the sample. The uncer-
tainties in these estimates are propagated from mass-loss rate
and terminal velocity. As now discussed, the total mechanical
luminosity is dominated by the three Of stars, for which an un-
certainty of approximately 30% is estimated. Assuming stronger
clumping in models would lower this total feedback by a factor
of two.
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Fig. 15. Rate of ionizing photons as a function of the O subtype.
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Fig. 16. Mechanical luminosity of stellar winds as a function of
the O subtype. The open circles for the two supergiants refers
to the models with alternative solution with higher clumping.
Typical uncertainties are indicated with error bar in the upper
right corner.
Kavanagh et al. (2012) analyzed the X-ray superbubble in
N 206 using XMM-Newton data. The thermal energy stored in
the superbubble was estimated using the X-ray emitting gas, the
kinetic energy of the Hα shells, and the kinetic energy of the sur-
rounding H i gas. Using spectral fits Kavanagh et al. (2012) de-
rived the physical properties of the hot gas and hence estimated
the thermal energy content of the X-ray superbubble. Along with
this, they calculated the kinetic energy of the expansion of the
shell in the surrounding neutral gas using MCELS and 21 cm
line emission line data from the ATCA-Parkes survey of the
Magellanic Clouds (Kim et al. 1998). They estimated the total
energy to be (4.7 ± 1.3) × 1051 erg.
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This thermal energy could be supplied by the stars in the
N206 superbubble via stellar winds and the supernova occurred
in this region (SNR B0532-71.0). We calculated the current me-
chanical energy supply from these Of stars. In order to provide
the total energy estimate of these Of-type stars, we must derive
their current ages. So, we adopted the ages of individual stars
from the HRD (see Sect. 4.4) using isochrone fitting. The total
mechanical energy supplied by these stars throughout their life-
times is (5.8 ± 1.8) × 1051 erg. As in Kavanagh et al. (2012),
we also assumed that these stars provide same amount of me-
chanical energy throughout their lifetime, since they are very
young. Also, the time duration is short for a significant contribu-
tion from radiative and other cooling processes, and can be ne-
glected for this rough estimate. The energy estimates are consis-
tent with Kavanagh et al. (2012), even though we consider only
the mechanical feedback from stellar winds. The total momen-
tum provided from these stars over time is ≈ 1.86×1043g cm s−1.
This shows that the Of stars in our sample provide a signif-
icant contribution to the energy feedback. The total feedback in
the superbubble including the entire OB population, Wolf-Rayet
stars (BAT99 53, BAT99 49), and supernova will be discussed in
Paper II.
5. Summary and conclusions
We have obtained and analyzed FLAMES spectra of nine mas-
sive Of-type stars in the N 206 giant H ii complex located in the
LMC. On the basis of these data complemented by archival UV
spectra, we determined precise spectral types and performed a
thorough spectral analysis. We used sophisticated PoWR model
atmospheres to derive the physical and wind parameters of the
individual stars. Our main conclusions are as follows.
– All stars have an age less than 4 Myr. The earliest O2 star
appears to be less than 1 Myr old, while the two supergiants
are 2 Myr old.
– The wind-momentum luminosity relation of our sample are
comparable to that of theoretically predicted, with the as-
sumption of a depth dependent clumping in all models.
– The star N206-FS 187 shows very high mass-loss rate and lu-
minosity. Its large X-ray luminosity suggests that this object
is one of the X-ray brightest colliding wind binaries consist-
ing of stars with similar spectral types.
– Most of the Of stars are nitrogen enriched. A clear trend to-
ward more enrichment with rotation as well as with temper-
ature is found. The binary stars and more evolved stars show
nitrogen enrichment compared to others.
– The O2 star N206-FS 180 shows a very high nitrogen mass
fraction, while oxygen is strongly depleted compared to the
typical LMC values.
– The evolutionary masses are systematically lower than the
corresponding spectroscopic masses obtained from our ana-
lysis.
– The total ionizing photon flux and stellar wind mechanical
luminosity of the Of stars are estimated to 3 × 1050 s−1 and
1.7 × 104 L, respectively. This leads us to conclude that the
program stars play a significant role in the evolution of the
N 206 superbubble.
The subsequent paper (Ramachandran et al. in prep.) will
provide the detailed analysis and discussion of complete OB star
population in the N 206 superbubble.
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Appendix A: Comments on the individual stars
N206-FS 66: This O8 subgiant is located at the periphery of
the superbubble N 206, far away from the young cluster NGC
2018. The noticeable spectral features are the N iii emission line
(weak), the C iii & O ii absorption blend near 4560 Å, and strong
Si iv absorption lines. The model with T∗ = 36 kK is fitted to this
spectrum based on the He i/He ii line ratios. The nitrogen abun-
dance is mainly constrained through the N iii absorption lines in
the range 4510−4525 Å. Since the Hα line is fully in absorption
and no UV spectrum is available, we estimated the wind para-
meters with large uncertainties.
N206-FS 111: This is one of the ZAMS type Of stars in
the sample with spectral type O7 V((f))z. The most prominent
feature in the spectrum is a very strong He ii absorption line at
4686 Å. The model with T∗ = 37 kK is fitted to the spectrum
based on the He i/He ii line ratios. This star is also described by
Kavanagh et al. (2012) using the Magellanic Cloud Emission
Line Survey (MCELS) observations. They determined its spec-
tral type as O7 V and derived a similar mass-loss rate (using
theoretical relations) as in our analysis. The terminal velocity
and the mass-loss rate have large errors, since Hα is in absorp-
tion. This is the slowest rotating star in the sample. The nitrogen
lines are very weak, hence the determined abundance is an upper
limit.
N206-FS 131: This is one of the binary candidates in the
sample. The presence of weak He i absorption lines in the spec-
trum gives a clue about the secondary component. The strong
N iii emission lines and the very weak He ii 4686 confirm that
the primary is an Of giant. The temperature of the primary Of
is determined to be T∗ = 38 kK. The secondary component is an
O star with late subtype and best fitted with a model of T∗ =
30 kK. This star was mentioned as a single O8 II star in Bonanos
et al. (2009). The Hα absorption in the spectrum is partially filled
with wind emission and is best fitted with a mass-loss rate of 3.1
×10−6M yr−1. The radial velocity of this star is measured to be
185 km s−1, which is significantly less than the systematic veloc-
ity of the LMC (≈ 260 km s−1).
N206-FS 162: This object was identified as an emission line
star in previous papers (Howarth 2013; Lindsay 1963). The weak
N iii emission lines in the spectrum confirm its ‘Of nature’.
Based on the broad and very strong Hα emission, we conclude
that it is the only Oef-type star in the N 206 superbubble. Based
on the He i/He ii line ratios, we estimate a stellar temperature
of T∗ = 34 kK. The spectrum also shows prominent Si iv and
O ii absorption lines, which are used to constrain the abundance.
Although we tried to fit the wings of Hα emission (also nitro-
gen emission lines), the estimated wind parameters are highly
uncertain due to the superimposed disk emission. The projected
rotational velocity of this star (3 sin i ∼ 83 km s−1) seems to
be exceptionally low compared to typical Oe/Be stars. However,
the morphology of the Hα line also suggests a nearly “pole-on”
observer aspect.
N206-FS 178: This object is one of the giants in the sam-
ple. The spectrum is best fitted with a model with T∗ = 35 kK
and log g∗ = 4.0. We mainly used the He i/He ii line ratio and the
strong N iii emission lines for determining the stellar tempera-
ture. Since Hα is in absorption, we tried to measure the wind
parameters by adjusting the nitrogen emission line fits. For this
star, we varied the abundance N in the model to best fit the N iii
absorption lines.
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N206-FS 193: This is one of the stars located at the center
of the cluster NGC 2018. This star is also tabulated in Kavanagh
et al. (2012), but with spectral type O8 V. We classified this star
as O7 Vz. The spectrum with weak N iii emission lines and a
very strong He ii 4686 absorption line is best fitted with a model
that has a temperature of T∗ = 36 kK. This spectrum is highly
contaminated with nebular emission.
N206-FS 214: An Of supergiant in the sample. Massey et al.
(1995) catalogued this star as an O4 If spectral type. Graczyk
et al. (2011) identified this object as an eclipsing binary (OGLE-
LMC-ECL-18366) with a period of 64.9 days based on the data
from Optical Gravitational Lensing Experiment (OGLE). Their
light curve suggests that both components have similar tempera-
tures (from the depth) and the primary has a much larger radius
(from the width). We identified this spectrum as an O4 If su-
pergiant, with no trace of a secondary component in the optical
spectrum. This could be an indication of a very faint secondary
(dwarf/giant).
The spectral features of this object are similar to N206-
FS 187, and both are best fitted with the same model. A FUSE
spectrum is available for this object, which is shown in the sec-
ond panel of Fig. B.10. The prominent UV P-Cygni profiles
P v λλ1118–1128 and S v λλ1122–1134 are used to measure the
wind parameters along with Hα. In order to best fit the P v
lines, we used a model with stronger clumping (D = 20 and
RD = 0.05R∗) and lower mass-loss rate, i.e., a factor of 4 lower
than a model with default clumping, similar to N206-FS 187.
The carbon lines C iv at 1169 Å and C iii at 1176 Å show strong
absorption. The calibrated UV spectrum is normalized and fit-
ted consistently with the model SED, and hence constrained the
luminosity and reddening values of this star at high precision.
Appendix B: Spectral fitting
In this section, we present the spectral fits of all stars analyzed
in this study. The upper panel shows the SED with photometry
from UV, optical and infrared bands. Lower panels show the nor-
malized VLT-FLAMES spectrum depicted by blue solid lines.
The observed spectrum is overplotted with PoWR spectra shown
by red dashed lines. Main parameters of the best-fit model are
given in Table 3.
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Fig. B.1. Spectral fit for N206-FS 66
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Fig. B.2. Spectral fit for N206-FS 111
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Fig. B.3. Spectral fit for N206-FS 131, which is suspected to be a binary (see Appendix A and next figure)
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Fig. B.4. Composite model (red dashed line) for N206-FS 131. The primary Of star (brown dotted line) is fitted with T∗ = 38 kK
model and secondary component (green dotted line) to a model with T∗ = 30 kK. See Table 3 for more information.
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Fig. B.5. Spectral fit for N206-FS 162
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Fig. B.6. Spectral fit for N206-FS 178.
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Fig. B.7. Spectral fit for N206-FS 180 with a single star model. The He i lines in the observation are absent in the model, indicating
the contamination from a secondary component. See next figure for the composite model.
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Fig. B.8. Composite model (red dashed line) for N206-FS 180 is the weighted sum of O2 V((f*)) (brown dotted line) and O8 IV
(green dotted line) model spectra with effective temperature 50 kK and 32 kK, respectively. The relative offsets of the model continua
correspond to the light ratio between the two stars. See Table 3 for more details.
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Fig. B.9. Spectral fit for N206-FS 193
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Fig. B.10. Spectral fit for N206-FS 214. The SED is best fitted to flux calibrated FUSE FUV spectra. The second panel shows the
FUSE spectrum normalized with the model continuum.
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